Different liquid crystalline phases with long-range orientational but not positional order, so-called nematic phases, are scarce. New nematic phases are rarely discovered, and such an event inevitably generates much interest. Here, we describe a transition from a uniaxial to a novel nematic phase characterized by a periodic splay modulation of the director. In this new nematic phase, defect structures not present in the uniaxial nematic phase are observed, which indicates that the new phase has lower symmetry than the ordinary nematic phase. The phase transition is weakly first order, with a significant pretransitional behavior, which manifests as strong splay fluctuations. When approaching the phase transition, the splay nematic constant is unusually low and goes towards zero. Analogously to the transition from the uniaxial nematic to the twist-bend nematic phase, this transition is driven by instability towards splay orientational deformation, resulting in a periodically splayed structure. And, similarly, a Landau-de Gennes type of phenomenological theory can be used to describe the phase transition. The modulated splay phase is biaxial and antiferroelectric.
I. INTRODUCTION
Liquid crystals (LCs) exhibit a rich variety of phases between isotropic liquids and solid states. Until recently, the least ordered nematic phases were an exception, and only a few were observed. Nonchiral molecules are known to form only a simple uniaxial phase, while chiral molecules, in addition to a twisted (chiral) nematic phase, also form three "blue" phases with a lattice of line defects. The very interesting possibility of biaxial nematic thermotropic LC has eluded conclusive experimental discovery so far, in spite of extended efforts by many research groups [1, 2] .
Recently, it was shown that some bent molecular dimers have a very interesting transition from a normal nematic phase to a conical twisted nematic phase, exhibiting chiral symmetry breaking [3] [4] [5] . This transition is driven by an instability towards bent orientational deformation, i.e., pronounced softening of the bend elastic constant [6, 7] . As it is impossible to fill the space with a purely bend structure without defects, the spontaneous deformation is both twisted and bent, forming the twist-bend phase.
In the usual uniaxial nematic phase, elongated molecules are oriented, on average, along a common direction, called the director, which is denoted by a unit vector n with inversion symmetry n ≡ −n. Such a nematic phase is not polar, and the order parameter of the phase is a traceless tensor Q ¼ Sðn ⊗ n − 1 3 IÞ, where S is the scalar order parameter describing how well the molecules are oriented along n. The liquid crystalline behavior is strongly influenced by the anisotropic shape of the constituent molecules. While the ground state of the uniaxial nematic is homogeneous, in the chiral nematic LC, the director forms a twisted configuration caused by the chirality of the molecules, whereas in the twist-bend nematic phase, the molecular bend results in the heliconical structure.
We investigate a recently designed polar, rodlike, liquidcrystalline material, which exhibits two distinct nematic mesophases separated by a weakly first-order transition [8, 9] . The molecules of the compounds, in which the new nematic phase has been observed so far, have a terminal nitro group on one side and a short terminal chain on the other side. They also possess a large dipole moment and a lateral "bulky group," which gives the molecule a wedge shape. Small-angle x-ray scattering (SAXS) shows a continuous change in the nearest-neighbor correlations rather than a jump at the transition between the nematic mesophases. In this paper, we show that this transition is analogous to the twist-bend transition but with the splay as the unstable deformation, probably due to the wedge shape of the constituent molecules. As it is impossible to fill the space with homogeneous splay, the deformed structure exhibits a periodically modulated splay. We study the transition between the nematic phases using polarization microscopy, dynamic light scattering, and wide-angle x-ray scattering (WAXS) and SAXS. In Sec. II, we present the experimental results. In Sec. III, we discuss the results and propose a Landau-de Gennes type of phenomenological theory to explain the observed behavior.
II. EXPERIMENTAL RESULTS
The liquid-crystalline material used in our study (RM734) exhibits an isotropic-to-nematic phase transition at T IN ¼ 187.9°C, a nematic-to-second-nematic transition at T NNs ¼ 132.7°C, and a melting point at T m ¼ 139.8°C. In the following, we denote the lower nematic phase as the N S phase. Although the transition to the second nematic phase appears below the melting point, we could perform measurements of the N-N S transition with a cooling rate down to 0.03 K= min. The synthesis of RM734 is described in Ref. [9] ; however, we subjected the material to further purification to attempt to remove trace ionic impurities as follows. RM734 (1 g) was dissolved into anhydrous dichloromethane (20 ml) and washed with saturated aqueous ethylenediaminetetraacetic acid disodium salt (10 ml). The aqueous layer was discarded, the organic dried over MgSO 4 and filtered over basic alumina (50 g), eluting with anhydrous DCM (300 ml). The solvents were removed in vacuo to give a white solid; this was recrystallized twice from distilled ethyl acetate affording a microcrystalline white solid.
The B3LYP/6-31G(d) minimized geometry of RM734 was determined using the Gaussian G09e01 suite of programs [10] and is shown in Fig. 1 . It exhibits a large dipole moment of 11.3748 D [calculated by the B3LYP/6-31G(d) level of DFT], which is oriented almost along the molecular long axis.
The material was filled into either planar LC cells (with rubbed surfaces to induce orientation of n parallel to the cell surface) or homeotropic LC cells (with the surfaces treated to induce perpendicular orientation of n). The cells were filled in either a higher-temperature nematic or an isotropic phase.
A. Polarization microscopy
First, we studied the transition between the nematic phases using polarization microscopy. In thick planar cells (Instec, 20 μm), the director n was well aligned in the plane of the cell along the rubbing direction [ Fig. 2(a) ]. To better observe the features of the transition, the sample was rotated so that the angle between the analyzer and n was about 20°. During slow cooling (0.1 K= min), strong fluctuations were observed just above the phase transition destabilizing the homogeneous orientation of n [ Fig. 2(b) ]. After the homogeneous structure was restored [ Fig. 2(c) ], a white line traveled across the sample (Fig. 2(d) , Movie 1 [11] ). The N S phase was well oriented and appeared the same as the N phase. When observed on heating, the N-N S transition looked similar to that observed on cooling, except for the white line [ Fig. 2(d) ], which is only observed upon cooling.
Fast cooling (the heater was switched off) resulted in a more inhomogeneous transition and the creation of defects (Fig. 3 , Movie 2 [11] ). In the N S phase, thick lines and loops decorated with pointlike defects were observed. The loops slowly shrank and annihilated. Some of the lines remained, probably because their relaxation was hindered by pinning to the spacers and other imperfections of the sample. During fast heating, no additional defects appeared. The thick lines from the N S phase became even thicker in the N phase and split into two thin lines, probably disclinations (Movies 2 and 3 [11] ). This suggests that the thick lines in the N phase may be AE1 defect lines or walls, which are not stable in this phase, so they split into two AE1=2 lines. The orientation of n, polarizer P, and analyzer A are shown in (a). For better observations, the sample was rotated so that the angle between n and the analyzer was around 20°. The width of the images is 545 μm.
In a thick homeotropic cell (Instec, 18 μm), we were not able to achieve homogeneous ordering of n in either of the nematic phases. A schlieren texture was observed in both phases (Fig. 4) ; however, the N S phase exhibited a significantly larger number of defect lines. In comparison to the N phase, after initial relaxation, two additional defect lines originating from the centers of AE1 defects and an additional defect line originating from the centers of AE1=2 defects were observed [ Fig. 4(b) ]. This indicates that the symmetry of the N S phase is different (lower) than that of the ordinary N phase.
Polarization microscopy was also used for measurement of anisotropy of the index of refraction Δn. A sample in a planar cell with thickness d was rotated between crossed polarizers so that the angle between the polarizer and the director was 45 degrees. The intensity of monochromatic light transmitted through the sample was measured to determine the phase difference ϕ ¼ 2πΔnd=λ between the ordinary and extraordinary light. An interference filter for λ ¼ 632.8 nm was used to filter the light from the halogen lamp in the microscope. In the N phase, Δn is proportional to the scalar order parameter S. Figure 5 shows the temperature dependence of Δn. First, it increases with decreasing temperature, as expected in the usual nematic phase, where the average orientational order of the molecules increases with decreasing temperature. In the region about 2 K above the N-N S phase transition, where strong fluctuations appear, Δn begins to decrease. At the transition, the measurements show a slight increase of Δn, but this is probably an artefact due to light scattering from fluctuations. The measured value of Δn in the N S phase just below the transition is about 0.01 smaller than that in the N phase close to the transition, before the fluctuations cause its decrease. In the N S phase, it decreases with decreasing temperature. 
B. Dynamic light scattering
In order to understand what drives the transition to the second nematic phase, we measure the director orientational fluctuations in the vicinity of the N-N S phase transition by dynamic light scattering (DLS). From these measurements, we obtain the temperature dependence of the elastic constants and some viscosity coefficients. We measure the scattered intensity and relaxation rates of eigenmodes of orientational fluctuations. By choosing the correct scattering geometry (Appendix A), pure modes can be measured with intensities I i ∝ ðΔε opt Þ 2 =K i q 2 and relaxation rates 1=τ i ¼ K i q 2 =η i , where i ¼ 1, 2, 3 denote splay, twist, and bend, and q is the scattering vector [12] . While twist viscosity equals rotational viscosity γ 1 , η 2 ¼ γ 1 , the values of bend and splay viscosities are affected by backflow,
, where α i are Leslie viscosity coefficients and η b;c Miesowicz viscosities [12] . In the case of the splay, the reduction of orientational viscosity due to the backflow is usually small (of the order of a few %), so η 1 ≈ γ 1 . The temperature dependence of the anisotropy of the dielectric tensor at optical frequencies Δε opt is obtained from measurements of Δn (Fig. 5 ). With this method, the temperature dependence of elastic constants is obtained but not their absolute values. We determine the absolute values of K 1 and K 3 at 150°C from measurement of Fredericks transition (see below), and K 2 from the ratio between K 1 =η 1 and K 2 =η 2 at 145°C, i.e., assuming that, in the case of splay, the backflow is negligible.
Ratios K i =η i , obtained from the measured relaxation rates of pure fluctuation modes, are shown in Fig. 6 . When approaching the N-N S phase transition, a strong slowing down of splay and twist modes is observed, while the bend mode becomes only slightly slower. In the N S phase, two modes are observed in the splay and the bend geometry. The value of the relaxation rate of the slower splay mode is similar to the splay mode in the N phase before slowing down; the second mode is of about 1 order of magnitude faster. The relaxation rate of the first bend mode is similar to the bend mode in the N phase, while the second is of 1 order of magnitude slower. On the other hand, only one mode is detected for the twist geometry, where the relaxation rate jumps to a value slightly smaller than in the N phase before slowing down. Figure 7 (a) shows the temperature dependence of the elastic constants close to the N-N S phase transition. The most prominent feature is that the splay elastic constant K 1 is unusually low and goes toward zero when approaching the phase transition. In the observed temperature range, the twist elastic constant K 2 and the bend elastic constant K 3 slowly increase with decreasing temperature, as expected for usual S 2 dependence. Additionally, the rotational viscosity γ 1 increases steeply when approaching the transition [ Fig. 7(b) ]. It should be noted that the temperature dependence of the splay viscosity is the same as that of the rotational viscosity, and thus, the assumption that the first is not significantly affected by the backflow is justified. The bend viscosity slightly increases when approaching the phase transition. FIG. 6 . Temperature dependence of ratios K i =η i , which are proportional to the relaxation rates of orientational fluctuations. The cooling rate is 0.03 K= min. In the temperature region where the orientation is not homogeneous, we were not able to reliably determine K i =η i .
FIG. 7.
Temperature dependence of (a) elastic constants K i and (b) viscosities η i in the N phase close to the N-N S phase transition. The most interesting is the behavior of the splay elastic constant, which goes toward zero when approaching the phase transition. The cooling rate is 0.03 K= min.
C. Dielectric measurements
The reference absolute values for K 1 and K 3 used to calculate the temperature dependence of the elastic constants from the scattered intensity data were obtained from dielectric and optical measurements of the Fredericks transition. At a given temperature, the nematic dielectric spectra shows two pronounced relaxations, one at around 1 kHz and the other one a little below 1 MHz, which shifts down for large probe voltages. The first relaxation is related to a strong electrode polarization effect introduced by the polyimide alignment layer, while the latter one corresponds to the characteristic cell relaxation provoked by the finite resistivity of ITO electrodes. Optical observation during the spectra measurements at large voltages shows that at low frequencies the applied field is screened by the space charged regions created in the vicinity of the electrodes and polyimide layers due to the diffusion of ion impurities, and no reorientation of the director is achieved. However, clear homeotropic orientation is achieved at frequencies of 10 kHz, at lower frequencies than ITO relaxation, and thus, Fredericks transition was studied at this frequency. Dielectric and optical Fredericks curves are given in Fig. 8 together with their corresponding fits for a temperature 20 degrees above the phase transition. Both values for the splay elastic constant K 1 , obtained from the dielectric and optical measurements, are in reasonably good agreement; 2 pN and 2.4 pN, respectively. The determination of the value of K 3 is less reliable. The fit in the case of dielectric measurements is significantly better than the optical one, so we took its results for reference values of the bend elastic constant, which is 11.6 pN. We should note here that the obtained ratio K 3 =K 1 is about 6. This ratio is in good agreement with the estimated value for K 3 =K 2 of 5 obtained from DLS (Appendix A).
Measurements were also performed at temperatures closer to the N-N S transition; however, the large drop of the observed threshold voltage made an unambiguous determination of the constants very difficult. Although these values are tentative, it should be stressed that the error on the determination of the splay and bend elastic constants will only result in a shift up or down of the data plotted in Fig. 7 but not of their relative behavior and temperature dependence.
The observed large values of dielectric permittivity deserve further notice and can possibly be attributed to strong dipolar correlations already in the N phase. Unfortunately, the sample shows rather large conductivity effects; thus, detailed dielectric spectroscopy analyses are left out of the scope of this paper. Nevertheless, all these data suggest an exceptional dielectric behavior of the material, which deserves a thorough study by itself, provided that the conductivity problems are overcome.
D. SAXS and WAXS
We subjected RM734 to a SAXS/WAXS study using CuK α radiation (λ ¼ 1.54184 Å) at variable temperatures. Both the N and N S phases exhibit only diffuse scattering at small and wide angles, refuting the possibility of either nematic phase being a lamellar (smectic) phase.
Both nematic phases exhibit multiple scattering events parallel to the aligning magnetic field (B); therefore, radial integration (to give scattered intensity versus Q) was performed on the wedge segments identified in Fig. 9(a) . The scattering profile parallel to B was deconvoluted into three peaks by fitting with Lorentzians, allowing the d-spacing of the (001), (002), and (003) peaks to be determined [Figs. 9(b) and 9(c)]. The spacing of the (002) and (003) peaks is effectively temperature invariant, whereas the (001) peak is largely temperature invariant in the nematic phase but decreases continuously in the N S phase [ Fig. 9(d) ]. The (001) peak has a maximum value of 21 Å in the N phase and a minimum of 19.1 Å in the N S phase; these values compare with a molecular length of 20.8 Å and indicate that neither phase experiences significant molecular interdigitation (antiparallel overlap). Only a single scattering peak (identified as 100) is observed perpendicular to B; this corresponds to the average lateral molecular separation, and this exhibits a continual decrease in both N and N S phases; see Fig. 13 in Appendix C. Other than the small change in d-spacing of the (001) peak, we do not observe any significant differences (peak intensity, d-spacing, FWHM, etc.) in the SAXS/WAXS patterns of the N and N S phases.
Although demonstrated by DFT(B3LYP/6-31G(d)) optimized geometry, we obtained a single crystal of RM734 suitable for structure determination by x-ray diffraction (XRD) by the vapor diffusion technique using ethyl acetate and cyclohexane. Because of the lateral methoxy group, the molecular breadth of RM734 is greater at one end than at the other, and thus RM734 can be described as being slightly wedge shaped (Fig. 10) . Full details are given in Appendix D. We observe noninterdigitated antiparallel pair formation in the solid state (Fig. 10) via a nitro-nitro close contact with NðOÞO-NðOÞ 2 separations, of which there are two per pair, of 3.085(2) Å and 3.104(2) Å, i.e., slightly greater than the van der Waals radii. As this interaction is specific for nitro-containing materials, we propose that the pair formation via this motif is essential for the N S phase, and we note that other polar groups that pair form (e.g., CN) do not show this phase [9] .
Within each individual molecule, we observe no coplanarity of aromatic rings, with each phenyl-phenyl ring dihedral angle of about approximately 48°, giving each molecule (and thus antiparallel pair) a twisted ribbon structure. We note that this structure is not apparent in the DFT(B3LYP/6-31G(d)) optimized geometry, this being the only significant difference between the optimized structure and that obtained by XRD.
IV. DISCUSSION AND THEORY
The results show that the low-temperature nematic mesophase has lower symmetry than the high-temperature one. The temperature behavior of the splay elastic constant is very similar to the case of the transition from the nematic to the twist-bend nematic phase, where the bend elastic constant goes toward zero. As a consequence, in the twist-bend phase, periodic spontaneous bend deformation accompanied by a small twist appears [6, 7] . Analogously, we may expect that the splay constant going towards zero will cause the appearance of spontaneous splay. Similarly, the structure should be periodic because a homogeneous splay deformation cannot fill the space without defects. The simplest periodic splayed configuration is shown in Fig. 11 . However, the N S phase observed by polarization microscopy is homogeneous, so if there is periodic structure, its period is smaller than the wavelength of light. Periodic structure with small periods would cause a decrease of anisotropy of index of refraction, which we observed in the N S phase (Fig. 5) . The length corresponding to the (001) peak [ Fig. 9(d) ] decreases in the N S phase as would be expected for the tilted packing depicted in Fig. 11 , supporting results obtained from the measurement of Δn and suggesting a temperature dependence in the splay angle.
In a manner similar to that used to explain the transition between the nematic and the twist-bend phase [6, 13] , we can describe the N-N S transition by a Landau-de Gennes type of free energy. The most appropriate way to describe a nematic LC is in terms of tensor order parameter Q. In the usual N phase, it is uniaxial and can be written in the form Q ¼ Sðn ⊗ n − 1 3 IÞ. To model the N-N S transition, only the part of free energy due to the elastic deformation is needed, i.e., expansion to the necessary order in ∇Q. To the lowest order ð∇QÞ 2 , the splay and bend elastic constants are equal. This degeneracy is broken by the invariants of the form Qð∇QÞ 2 , three of which are relevant. In the nematic phase, splay deformation gives rise to flexoelectric polarization, so we assume that the N-N S transition is driven by flexoelectric coupling of polarization P and ∇Q. This mechanism was introduced by Shamid et al. [13] to model the transition to the twist-bend phase. Thus, the free energy density with a minimum number of terms necessary for the N-N S transition is
Here, γ 0 is a bare flexoelectric coefficient. We take t to decrease with decreasing temperature, driving the transition. Note that the C 5 term breaks the degeneracy of K 1 and K 3 :
We assume that C 5 > 0, so K 3 > K 1 . The term P i;j P i;j is necessary to stabilize the splayed phase. Other terms are either not relevant to the transition to the splayed state or they give the same expression, when the parametrized deformation is inserted into Eq. (1).
For the splayed state, we seek a solution of the form n ¼ ( sinðϑÞ; 0; cosðϑÞ) and P ¼ P cosðkxÞn, where ϑ ¼ ϑ 0 sinðkxÞ (see Appendix E). We assume that P and n are parallel because the dipole moments of the molecules are along the molecular long axis. Assuming S is constant, we insert the solution into Eq. (1), then expand the free energy to fourth order in ϑ 0 and P, and average it over the period 2π=k,
Here, γ ¼ γ 0 S. The fifth and sixth terms are of second order in coupling between P and ∇Q, so we omit them. (It can be shown by numerical calculation that these higher-order terms affect the solution very little.) The minimization of Eq. (2) then yields
which, when inserted into Eq. (2), results in
Above the phase transition, t is larger than the critical value t c ¼ γ 2 =K 1 , and the minimization gives k ¼ 0. The effective splay elastic constant can be written as
2 =t, which is positive and so f s > 0. Thus, the uniform nematic state (f s ¼ 0) is favorable. When t reaches the critical value t c , f s < 0, and the splayed configuration with k ≠ 0 becomes more stable in comparison to the uniform state.
It is interesting that by changing the sign of C 5 in the free energy density [Eq. (1)], the structure becomes unstable towards bend deformation, which leads to the twist-bend or splay-bend phase. The coupling term renormalizes both K 1 and K 3 , and since the C 5 term enters the expressions for K 1   FIG. 11 . Schematic of the proposed splay phase, where different colors denote orientation of the molecules either along n or −n. and K 3 with different signs, the sign of C 5 determines which elastic deformation becomes unstable.
Taking Δt ¼ t c − t, the parameters just below the phase transition to the lowest order in Δt can be expressed as
As the N S phase appears optically homogeneous, the deformation period 2π=k must be in the nanometer range, similarly to the twist-bend phase. Thus, at optical scale, the N S phase must be biaxial. The change of Δn at the N-N S transition (Fig. 5 ) depends on the direction of spontaneous splay and is connected to the tilt of the molecules. In the xz plane (Fig. 11) , the change is about approximately −Δnϑ 2 0 , and in the yz plane, it is about approximately −Δnϑ 2 0 =2; thus, the difference between the in-plane indices of refraction n y and n x , which are equal in the uniaxial nematic phase, is about −Δnϑ 2 0 =2. The measured change of Δn at the phase transition is about approximately 0.01, so the amplitude of the tilt ϑ 0 can be estimated to be about 10°. Therefore, n y − n x is also of the order of 0.01. Because of the modulated splay, as a result of the flexoelectric polarization, the N S phase is also antiferroelectric.
Nonresonant SAXS measurements did not show any signature of periodic structure (below a limit of Q approximately 0.05 Å −1
, d approximately 125 Å). The periodicity of a purely splay modulated nematic phase as depicted in Fig. 11 lacks electron density modulation (EDM) along the modulation axis and, as such, should not be observed in nonresonant SAXS experiments.
The N-N S transition is similar to the (splay) Fredericks transition, which is a field-induced, second-order, structural transition in a layer with thickness d, at which one splay fluctuation (with k ∼ π=d) exhibits critical slowing down and leads the transition from a uniform to a deformed structure. At the N-N S transition, all fluctuations slow down, and, in principle, this transition could be of second order, with k increasing from 0 at the transition to a finite, temperature-dependent value [Eq. (5)]. In a real system, the sample size L would limit the smallest possible k at the phase transition to about approximately 2π=L. The theory could easily be modified to describe a first-order phase transition by adding higher-order terms in P to the free energy in Eq. (1) . A full tensor analysis of possible modulated nematic structures that arises from coupling between molecular steric polarization and nematic order has been studied by Longa and Pająk [14] . However, in their model, they did not include the third-order elastic terms [C 5 in Eq. (1)], which breaks the degeneracy of K 1 and K 3 . Among the predicted periodic structures, there is also transverse periodic nematic phase, which, in the case that S is constant, reduces to the structure we propose for the splay phase.
In a LC material made of pear-or wedge-shaped molecules, a splay modulation is also accompanied by a modulation of the proportion of the molecules, which on average point in the n and -n directions. This mechanism, on one hand, results in a splay flexoelectricity in the N phase and in an antiferroelectric order in the N S phase. On the other hand, it softens the splay elastic constant, as predicted, e.g., by Gregorio et al. [15] in systems made of conical constituents. The correlation between shape, polar order, and splay was theoretically demonstrated in several cases. A lattice model for splay ferroelectricity in a system of uniaxial pear-shaped molecules predicts a phase diagram showing isotropic, nematic, and polar phases, for which polar order is accompanied by splay [16] . Phases with spontaneous splay deformation with defects were predicted in polar nematic liquid crystal [17, 18] . However, until now, experimental realization of splayed phases remained elusive. On the other hand, softening of the splay elastic constant has been observed experimentally. There are reports of a decrease of the splay elastic constant in materials, when bent-shape molecules are added to the nematic phase of rod molecules [19] , although adding bentshape molecules usually results in a decrease of the bend elastic constant [20, 21] . It has been shown that a lateral group is required for materials to exhibit the N-N S transition [9] . This group gives the molecule a wedge shape and increases its biaxiality. The XRD study shows that, in the crystal, the molecules with parallel orientation of the dipole moments have lateral groups, oriented in the same plane, and their positions are shifted along the long axis (Fig. 10) . Such an average configuration of the neighboring molecules is what is expected to occur during the splay deformation, giving rise to flexoelectric polarization and biaxial structure.
So far, the N-N S transition has been observed in materials whose molecules have a nitro group, the reason for which is currently unclear. XRD on crystal structure shows that a nitro-nitro close contact leads to formation of nonintercalated, tail-to-tail, antiparallel pairs. In a liquid, such pairing is a dynamic process, so we can speculate that, in the N S phase, and during a splay fluctuation in the N phase, the probability for pair formation would be the largest in the regions where the polarization changes sign (Fig. 11) . In principle, this would cause a slight modulation of viscosity. Because of the rigidity of the bond and, consequently, the biaxiality of the pairs, the pairing may be a mechanism that promotes biaxiality, which might be one of the key prerequisites for the splay phase.
V. CONCLUSIONS
We have shown that the second, low-temperature nematic phase observed in recently designed polar, rodlike LC materials has lower symmetry than the ordinary uniaxial nematic phase. It exhibits defect structures that are usually not observed in the uniaxial nematic phase. The N-N S phase transition is weakly first order, with a significant pretransitional behavior, which manifests as strong splay fluctuations. In the N phase, the splay nematic constant is unusually low and goes towards zero when approaching the phase transition. Analogously to the transition from the uniaxial nematic to the twist-bend nematic phase, the N-N S phase transition is driven by an instability towards splay orientational deformation, resulting in a periodically splayed structure. Similarly, a Landau-de Gennes type of phenomenological theory can be used to describe the phase transition. Optically, the N S phase looks homogeneous and very similar to the N phase, which indicates that the splay period is smaller than the wavelength of light. So again, as in the case of the twist-bend phase, additional studies-e.g., resonant x-ray [22] or freeze fraction transmission electron microscopy [4, 5] -could help to determine the period. We proposed the simplest structure for the splay phase, which is supported by the experiments. The proposed structure is biaxial and antiferroelectric, which agrees with the observed symmetry. Formation and classification of topological defects would certainly be an interesting future study. 
APPENDIX A: DYNAMIC LIGHT SCATTERING
In the DLS experiments, we used a standard setup, with a frequency-doubled diode-pumped ND:YAG laser (532 nm, 80 mW), an ALV APD based "pseudo" cross-correlation detector, and an ALV-6010=160 correlator to obtain the autocorrelation function of the scattered light intensity. The direction and the polarization of the incoming and detected light were chosen so that pure modes were observed (Fig. 12) . A single-mode optical fiber with a GRIN lens was used to collect the scattered light within one coherence area [23] . We fitted the intensity autocorrelation function g 2 with
, where j d is the ratio between the intensity of the light that is scattered inelastically and the total scattered intensity, and g 1 was either a single (in the N phase), g 1 ¼ Expð−t=τÞ, or a double exponential function, g 1 ¼ a 1 Expð−t=τ 1 Þ þ ð1 − a 1 Þ Expð−t=τ 2 Þ (in some cases, in the N S phase). The relaxation rate 1=τ was attributed to the chosen eigenmode of orientational fluctuations with the wavevector q equal to the scattering vector q s . The scattered intensity of a given mode was determined as a product j d I tot , where I tot was the total detected intensity.
By measuring the angular dependence in the geometry shown in Fig. 12(b) , the dependence of the twist-bend relaxation rate of fluctuations on the ratio between components of scattering vectors perpendicular (⊥) and parallel (k) to n can be obtained:
Thus, it is possible to evaluate the ratio K 3 =K 2 . The method is not very sensitive, but it gives a good estimate, in particular, when K 3 =K 2 ≫ 1. At 150°C, the measurements gave K 3 =K 2 ∼ 5.
APPENDIX B: DIELECTRIC MEASUREMENTS
Determination of the splay and bend elastic constants was carried out by means of the capacitance method using 8 μm antiparallel planar aligned cells. A planar-to-homeotropic Fredericks transition was induced by applying an ac signal with an Agilent Precision LRC meter E4980A. The capacitance of the sample was measured as a function of the applied voltage, which was varied from 0.001 Vrms to 10 Vrms, with a delay time of 20 s between the application of the ac signal and the acquisition of the capacitance value. Simultaneously, the transmitted intensity of the sample between crossed polarizers (obtained by using an interference filter with λ ¼ 632.8 nm to filter the halogen lamp of the microscope) was recorded with a CMOS camera (IDS Imaging UI-3370CP). Values of the splay and bend elastic constants were extracted from the fitting of the entire voltage dependence of the capacitance to the theory [24] .
APPENDIX C: SAXS/WAXS
SAXS/WAXS was performed on a Bruker D8 diffractometer (Cu-K α radiation, λ ¼ 1.54184 Å) equipped with a bored graphite rod furnace, affording temperature control to AE0.1°C. The sample was confined in a capillary (0.9 mm ID) and aligned with a pair of 1T magnets perpendicular to the incident beam. Raw SAXS/WAXS data are available upon request from the University of York data catalogue.
The (100) peak captures information regarding the average lateral molecular separation, which we find to decrease almost linearly across both the N and N S phases. Solid lines indicate the temperatures of phase transitions, which were determined by DSC; while we can identify the I-N transition with ease by SAXS/WAXS, there is effectively no change in the SAXS/WAXS pattern when going from the N to the N S phase. The d-spacing of the (100) peak was determined by fitting raw scattering data at each temperature studied with a Lorentzian function (Fig. 13 ).
APPENDIX D: SINGLE-CRYSTAL X-RAY DIFFRACTION (XRD)
Single crystals of C22H17NO8 (RM734) were grown from ethyl acetate by slow vapor diffusion of cyclohexane (about 1 week). Diffractometer control, data collection, initial unit-cell determination, frame integration, and unit-cell refinement were carried out with "Crysalis" [25] . Face-indexed absorption corrections were applied using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm [26] .
Single-crystal diffraction data were collected on an Oxford Diffraction SuperNova diffractometer with Cu-Kα radiation (λ ¼ 1.54184 Å) using an EOS CCD camera. The crystal was kept at 110.05(10) K during data collection. Using Olex2 [27] , the structure was solved with the ShelXT [28] Fig. 14 . The structure is deposited with the CCDC, deposition number 1851381. Our motivation to grow single crystals of RM734 was, aside from providing an unambiguous demonstration of the molecular structure of this material, to study the possibility of antiparallel pair formation, which, given the propensity of nitro-containing materials to form dynamic antiparallel pairs in bulk liquid-crystal phases [30] , we considered quite likely. SAXS/WAXS experiments on alkyl/alkoxy cyanobiphenyls show that the (001) peak has a far larger d-spacing than the molecular length due to interdigitation (i.e., partial overlap) of the antiparallel pairs, which can also display a temperature dependency [31] . However, for RM734, the d-spacing of the (001) peak is roughly equal to the molecular length in the N and N S phases. In the solid state, we observe that RM734 forms noninterdigitated antiparallel pairs, which are the consequence of a close contact between nitro groups on adjacent molecules (see Fig. 10 ). The NðOÞO-NðOÞ 2 separations, of which there are two per pair, are 3.085(2) Å and 3.104(2) Å, which is in the range of the van der Waals contact distance and thus implies a possible noncovalent nitro-nitro interaction. However, we note that this separation is larger than the Bondi-van der Waals radii [32] , so we cautiously describe this as a close contact throughout. If we label the rings of each molecule as A, B, and C (or A 0 , B 0 , and C 0 for molecules in opposite orientations) (Fig. 15) , we can clearly identify ABC-C 0 B 0 A 0 pairs as being parallel to other A 0 B 0 C 0 -CBA chains as shown in Fig. 15 . Note how the orientation of the para-methoxy group alternates between parallel ABC-ABC pairs but remains constant between the antiparallel ABC-A 0 B 0 C 0 . Previously in Ref. [9] , we reported that a nitroterminated material is essential for the incidence of the N S phase, as replacement with other polar groups (CN, SF 5 ) presumably prevents formation of this phase since these groups do not support the formation of an offset noninterdigitated pair. This interaction (with comparable ðnitroÞ O-N ðnitroÞ separation distances) has been reported previously in several other systems [33] [34] [35] [36] .
APPENDIX E: STABILITY ANALYSIS OF NEMATIC PHASE
In order to show that the Ansatz for the splay phase describes the correct fluctuation, which causes the transition, we performed stability analysis of the nematic phase described by the free energy density given in Eq. (1) against small periodic fluctuations ϑ ¼ ϑ 0 e −ik·x þ c:c: and P x;z ¼ P 0x;0z e −ik·x þ c:c: in nðxÞ ¼ ½sin (ϑðxÞ); 0; cos (ϑðxÞ) and P ¼ (P x ðxÞ; 0; P z ðxÞ). The free energy density [Eq. (1)] was expanded to second order in ϑðxÞ, P x ðxÞ, and P z ðxÞ, averaged over x, and minimized with respect to ϑ 0 and P 0x;0z . In this order, P x ðxÞ is not coupled to ϑðxÞ, and for positive t and b, minimization gives P 0x ¼ 0. P 0z and ϑ 0 are coupled, and minimization yields two branches of fluctuation modes with eigenvectors ðϑ; P z Þ 1;2 ¼ ( AE ϑ 1;2 sinðkxÞ; P z1;z2 cosðkxÞ) ðE1Þ and eigenvalues
As long as the eigenvalues are positive, the nematic phase is stable towards the fluctuations. The first eigenvalue λ 1 becomes negative for t < γ 2 =K 1 − bq 2 , so this is the fluctuation branch that destabilizes the nematic phase and leads the transition.
We also performed a global numerical minimization of the free energy [Eq. (1)] as a function of the sample size, which yields similar results; that is, for t < t c , a periodic modulation of the type used for the Ansatz minimizes the free energy (Fig. 16) . 
